INTRODUCTION
Slope failures cause a major threat to both lives and property worldwide especially in regions of residual soils that are subjected to frequent heavy rainfalls. In areas of steep terrain that experience prolonged hot and dry periods followed by heavy rainstorms, slope failures continue to occur during or after rainfall.
In tropical and subtropical areas, rainfall-induced slope failures are closely related to the properties of the soil, the geometry of the slope, and the environmental factors (vegetation and weathering effects).
Almost all traditional slope stability analyses incorporate rainfall effects based on the assumption of saturated soil behaviour. However, this method cannot be applied to slopes under unsaturated conditions since some of the infiltration profiles may lead to the development of perched water zones near the surface of the slope, causing a decrease in unsaturated shear strength and slope failures.
This paper is intended to examine the characteristics of pore-water pressure response during rainfall within two instrumented slopes in Singapore. The main factors affecting the stability of a slope are rainfall pattern, initial conditions within the slope (expressed either as initial porewater pressure distribution within the slope) and hydrological parameters of the slopes.
OVERVIEW OF THE STUDY AREA
Field monitoring and investigation took place on the western part of Singapore. The slopes are called NTU-CSE and NTU-ANX, located in Nanyang Technological University (NTU), where its geological formation is referred to as sedimentary Jurong Formation (Pitts, 1984 ). An 11 m high rain tree, of the Samanea saman type (Rao and Wee, 1989) , exists at the toe of the NTU-CSE slope, 2 m from the instrumentation area. Both slopes were covered by buffalo grass. Table 1 shows geometry and geological information of NTU-CSE and NTU-ANX slopes.
Five boreholes were drilled to a depth of 28 m in the NTU-CSE slope whereas two boreholes were drilled in the NTU-ANX slope . The borehole information and the laboratory tests were combined to produce a simplified slope profile (Figure 1 ). The hydrologic and engineering properties of top soils are summarized in Table 2 . The soil profile of both slopes consists of two layers and bedrock. Almost all the layers contain silt and clay. The higher value of permeability in the NTU-CSE slope reflects the coarser particle size in this site than in the NTU-ANX slope.
FIELD INSTRUMENTATION PROGRAM
The in-situ measurements of negative pore-water pressure were carried out using Jet-Fill tensiometers. These tensiometers have capability to measure negative pore-water pressures up to -100 kPa. The NTU-CSE slope has six rows of tensiometer while the NTU-ANX slope only has three rows of tensiometer, which are spaced 3 m apart. Each row comprises five Jet-Fill tensiometers, which are situated 0.5 m apart and installed at depths of 0.5, 1.1, 1.7, 2.8, and 3.2 m. Note: Soil physical and engineering properties were obtained from an average of 7 to 9 samples, and soil hydrological properties were obtained from an average of 2 to 4 samples.
The schematic diagram of the instrument position is shown in Figures 2 and 3. Pressure transducers were installed at the top of the tensiometer and they were connected to a Fluke TM Hydra 2365A data bucket and a Grayhill Inc. data acquisition system in the NTU-CSE and NTU-ANX slopes, respectively. The measurements were collected every 4 hours during dry period.
Rainfall was recorded at both slopes using a tipping-bucket (Handar 444A) rain gauge. Once a rainfall event started, the data acquisition systems on both slopes would start collecting measurements from all instruments at intervals of 10 min. The fluctuations of the groundwater level during wet and dry periods were monitored with the Cassagrande piezometer with a ceramic tip and PVC riser tubing. A detailed description of instrumentation within NTU sites can be found in Gasmo et al. (1999) and Tsaparas (2001) . 
PORE-WATER PRESSURE VARIATION DUE TO RAINFALL
The average monthly total rainfall on both NTU-CSE and NTU-ANX slopes is 102 mm. October to December 1999 was the wettest period with 615 mm of total rainfall and April to June 2000 was the driest period of the year with 279 mm of total rainfall.
The development of the pore-water pressures with time for the instrumented NTU-CSE and NTU-ANX slopes as measured by the tensiometers are presented in Figures 4, 5, and 6. The figures also present the corresponding rainfall data in order to study the development of pore-water pressures at each depth due to infiltration. During the monitoring period, negative porewater pressure as high as -90 kPa was observed at depth of 0.5 m in the NTU-CSE slope after a long dry period. Positive pore-water pressures were observed at all soil depths in the NTU-ANX slope after a significant rainfall, but they were not observed at shallow depths in the NTU-CSE slope.
Figures 4, 5 and 6 also show that the initial porewater pressure has significant effect on changes in pore-water pressure during rainfall. It is observed that the more negative the initial pore-water pressure is, the higher will be the change in the pore-water pressure for a given rainfall. In general, the pore-water pressures in the NTU-ANX slope are higher or more positive than those in the NTU-CSE slope. As a result, during a particular rainfall the changes in the pore-water pressure in the NTU-ANX slope are not as high as the pore-water pressure changes in the NTU-CSE slope. The changes in pore-water pressure in the NTU-CSE and NTU-ANX slopes at depths of 0.5, 1.1, and 1.7 m due to a significant amount of rainfall are shown in Figures 7 and 8 
DISCUSSION
Initially, pore-water pressure was -18 kPa at depth of 0.5 m in the NTU-CSE slope. On the next day, it increased rapidly to -9 kPa after the rainfall ended (see Figure 7) . The rate of increase appeared to decrease for tensiometer readings at deeper depths. Two days after the rainfall stopped, porewater pressure decreased to -12 kPa since water had percolated down to deeper depths. This trend was similar at all depths in the NTU-CSE slope. In the NTU-ANX slope, the initial pore-water pressure was higher than the one in the NTU-CSE slope. It can be observed from Figure 8 that there was an increase in the pore-water pressure at the end of rainfall although the rate was slower than the one in the NTU-CSE slope. However, in the NTU-ANX slope, the increase in pore-water pressure was higher at depths of 1.1 and 1.7 m. Then the rate decreased again at depth of 2.8 m. This trend occurred due to the lower permeability of the soil in the NTU-ANX than that in the NTU-CSE slope. Rain water needs a longer time to reach greater depths and as a result, a perched water table might have developed.
Figures 7 and 8 also show that pore-water pressure in the NTU-CSE slope appeared to increase with depth. Meanwhile, the pore-water pressure in the NTU-ANX slope remained essentially constant with depth. This occurred due to the fact that water flowed down faster through the soil layer within the NTU-CSE slope due to the coarser particle size of the soils as opposed to those in the NTU-ANX slope.
It is observed in Figures 4, 5 and 6 that the increase in pore-water pressure does not seem to be proportional to the amount of rainfall. Therefore, a correlation between the increase in pore-water pressure and the amount of daily rainfall in the NTU-CSE and NTU-ANX slopes was examined. The analyses were performed using the rainfall data from 15 March 2000 until 13 August 2000 since the instrumentation readings for the NTU-ANX slope were taken within this period.
The analyses were conducted using tensiometer measurements from three different depths, such as: 0.5m, 1.1m and 1.7m. The tensiometer measurements from greater depths are insufficient for developing a relationship between the increase in pore-water pressure and daily rainfall. The analyses were performed by taking the algebraic difference in pore-water pressure before and after the rainfall event. Figures 9 and 10 show the increase in pore-water pressure as a function of the daily rainfall amount monitored at the NTU-CSE and NTU-ANX slopes, respectively. A semi logarithmic form of correlation between increase in pore water pressure and daily rainfall amount could be developed using significant daily rainfalls and corresponding increases in pore-water pressure. The parameters for the correlations were obtained by the non-linear regression method (Wilkinson, 1986) .
The relative increase in pore-water pressure seems to increase rapidly with the increase of daily rainfall at all depths in the NTU-CSE slope, but then the rate of increase tends to decline at larger daily rainfall amounts. At depth of 0.5 m, the average values of the increase in pore-water pressure are higher than those at deeper depths in the NTU-CSE slope. However, the slopes of the regression lines show a similar trend for all depths. The regression lines indicate that the increase in pore-water pressure tends to slow down after a daily rainfall of 20 mm for all depths in the NTU-CSE slope. The increase in pore-water pressure achieves its maximum as the soil approaches saturation.
In the NTU-ANX slope, initially the increase in pore-water pressure at all depths increases quickly and then starts to decline after a daily rainfall of 30 mm. The rates of increase in pore-water pressure in the NTU-ANX slope are not the same at the different depths for a given daily rainfall since the initial pore-water pressure is more negative at shallower depths.
Figures 9 and 10 show that the rate of increase in pore-water pressure in the NTU-CSE slope is faster than the rate of increase in pore-water pressure in the NTU-ANX slope. This could be attributed to the higher permeability of soils in the in NTU-CSE slope than the permeability of soils in the NTU-ANX slope. As a result, the infiltration rate in the NTU-CSE slope is faster than the infiltration rate in the NTU-ANX slope. Note: ΔU w1 = increase in pore-water pressure in depth of 0.5 m ΔU w2 = increase in pore-water pressure in depth of 1.1 m ΔU w3 = increase in pore water pressure in depth of 1.7 m R = amount of daily rainfall In addition, the maximum increase in pore-water pressure in the NTU-CSE slope is higher than the maximum increase in pore-water pressure in the NTU-ANX slope since the initial pore-water pressures in the NTU-CSE slope are generally more negative than initial pore-water pressures in the NTU-CSE slope. As a general observation, the more negative the initial pore-water pressure is, the higher will be the change in the pore-water pressure for a given rainfall.
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CONCLUSIONS
Two residual soil slopes from the sedimentary Jurong Formation in Singapore were instrumented for field monitoring during dry and rainy periods. The analysis of the pore-water pressure changes show that the changes in pore-water pressure during rainfall are not entirely dependent on the total rainfall amount, but also on the initial porewater pressure values. If the initial pore-water pressure has a low value, then it will experience a relatively high increase in pressure during a rainfall event. The pore-water pressure may remain constant after reaching its peak value. Analyses of data from these two slopes illustrate that a relationship between the increase in pore-water pressure and daily rainfall amount can be developed for a particular slope with given soil properties.
